Influenza virus membrane fusion is induced by low pH, which triggers an irreversible conformational change in the viral haemagglutinin (HA). The result of this change is the extrusion of the HA fusion peptide, after which it may act in the fusion of virus and endosomal membranes. Here we describe electron microscopic observations on low pH-treated virus after negative staining or cryo-electron microscopy of virus in the frozen hydrated state. The results indicate a destabilization of the virus membrane at low pH that can be reversed by returning the pH to neutral.
Influenza virus enters cells by receptor-mediated endocytosis (Yoshimura et al., 1982) . The low pH in the endosome induces a conformational change in the viral haemagglutinin (HA), through which this protein mediates fusion between virus and endosomal membranes in order to deliver the viral genome into the cytoplasm (for reviews see White et al., 1983; Wiley & Skehel, 1987; Stegmann et al., 1989) . HA is a homo-trimer, each monomer consisting of two subunits, HA1 and HA2; HA 2 is membrane-bound and constitutes a kind of stalk with HA1 on the end external to the membrane. HA1 extends over most of the external surface of the molecule, and contains all the antigenic sites and the receptorbinding site Wiley et al., 1981) . The low pH-induced conformational change of HA is irreversible. The native state cannot be restored by raising the pH back to neutral. The result of the change is that the hydrophobic amino terminus of HA 2 (the fusogenic part of the molecule, later called 'fusion peptide') is removed from its hydrophobic pocket at the trimer interface. It is thought that the fusion peptide interacts with either the virus or the endosomal (target) membrane (or with both) to induce fusion (Skehel et al., 1982; Harter et al., 1989 ; structural aspects reviewed in Wiley & Skehel, 1987) .
For fusion to occur in vitro, the target and the virus membranes must be mixed before the pH is lowered . Virus treated at low pH without the target membrane being present becomes inactive in fusion and infection. Here we study virus treated at pH 5 (therefore, fusion-inactive) and after restoring the pH to 7, by electron microscopy (EM) of negatively stained and frozen hydrated preparations. We will call virus that was incubated at pH 5, pH5 virus, and virus incubated at pH 0001-0727 © 1992 SGM 5 and subsequently readjusted to pH 7, pH5-7 virus (see legend to Fig. 1 ).
When influenza A virus treated at low pH was observed by EM after negative staining with phosphotungstic acid (PTA) at a pH of 7, we usually observed the morphology shown in Fig. 1 (a) . The well defined spike structure of native virus is lost after treatment at low pH (Ruigrok et al., 1986) , reflecting the irreversible conformational change in HA. However, the membrane ofpH5 virus stained with either PTA or ammonium molybdate (AM) at pH 5 was often deformed, similar to the virus shown in Fig. 1 (c) . The membranes of the virions were often undulating, and spikes had detached from the virus and were rearranged into rosettes. This morphology of negatively stained pH5 virus has been observed previously by Doms & Helenius (1986) . The percentage of deformed virus particles (defined as having undulating membranes or rosettes of spikes on the surface) under each of the different negative staining conditions is given in Table 1 . The results suggest that the membrane deformation observed is reversible; a virus population that is largely deformed at pH 5 is restored to a normal appearance by changing the pH back to 7. This reversibility is probably the reason why we usually observed regular virus when the stain sodium silicotungstate (SST, having a natural pH of 7 and not being able to be used at pH 5) was used ( Fig. 1 a) . However, when a particularly hydrophobic piece of carbon film was used to adsorb pH5 virus prior to negative staining, we observed the particles shown in Fig. 1 (c) , confirming the results of Doms & Helenius (1986) who also used SST stain. Two of the virus particles resemble pH5 virions stained with either PTA or AM at pH 5, and we assume that the interaction of the virus with this particular Fig. 1 . Electron micrographs of negatively stained and frozen hydrated particles of low pH-treated X-31 virus. X-31 influenza A virus (H3N2) was grown in the allantoic cavity of fertilized eggs and purified as described (Skehel & Schild, 1971) . Purified virus in PBS (150 mM-NaC1, 10 mM-phosphate buffer p H 7.4 plus 0.01 ~ sodium azide) was adjusted to pH 5 by the addition of 0.1 M-citric acid and incubated for 30 rain at room temperature. Subsequently, part of the suspension was readjusted to pH 7-4 by addition of 1 M-Tris base. pH5-7 virus was prepared for EM by negative staining with pH 7 SST (a) or observed in the frozen hydrated state (b). pH5 virus was also observed in pH 7 SST (c) and in the frozen hydrated state (d). The arrow in (b) indicates a pH5-7 virion with a somewhat angular membrane; the arrowheads in (b) and (d) indicate particles that most clearly show a regular distribution of spikes on the virus surface. The bar marker represents 100 nm. Negative staining EM under low dose conditions using a JEOL 100 CXII electron microscope and preparation of frozen hydrated samples and observation in a Zeiss 10 C electron microscope were as described (Ruigrok & Hewat, 1992) . c a r b o n support film is strong enough to deform the virus completely a n d to resist the reversible effect of the p H 7 SST stain.
Negative staining is very useful for showing high resolution detail of biological structures, but is k n o w n to produce quite considerable artefacts (reviewed in Ruigrok & Hewat, 1992) . The influence of the carbon support film can be rather strong while, or just before, the object u n d e r study is adsorbed. There m a y exist considerable ion or p H gradients between the support (127) * The percentages of virus particles with deformed membranes were counted from electron micrograpbs taken from different areas of the specimen grid. Those particles that had undulating membranes and/or rearrangement of spikes into rosettes (negatively stained virus) and angular membranes (virus in the frozen hydrated state) were considered to be deformed.
i Virus was incubated at pH 5 for 30 min, adjusted to pH 6 and digested with trypsin (virus :trypsin, 50 : 1) for 3 h at room temperature. The reaction was then stopped with a stoichiometric amount of soy bean trypsin inhibitor and virus was separated from the HA, (residues 28 to 328) fragments by centrifugation. The pH5T virus pellet was resuspended in pH 7 (pH5T7) or pH 5 buffer (pH5T5). pH5T7-5 virus is pH5T7 virus that was readjusted back to pH 5.
:~ Figures in parentheses indicate the total number of virus particles counted.
film and the solution (up to 20 to 30 nm distant; see Dubochet et al., 1982) . Furthermore, the air-drying procedure may produce large hydrostatic forces and high concentrations of staining salts at the moment of drying. These influences can change the appearance of the object under study considerably.
Owing to the possibility of artefacts with the negative staining procedure, we decided to study the same virus preparations using cryo-electron microscopy of virus in the frozen hydrated state, which is thought to reflect the natural state in solution (Adrian et al., 1984; Booy et al., 1985) . Fig. 1 (b) shows pH5-7 virus in the frozen hydrated state. Most virions (74~o) had smooth regular membranes, but some (26~, indicated by an arrow in Fig. 1 b) showed somewhat angular membranes. Fig. 1 (d) shows frozen hydrated pH5 virus. Here, 80~ of the virions had an angular appearance, but the rosettes seen in the negatively stained preparation were not observed. Both pH5-7 and pH5 virus showed a regular distribution of spikes on the surface, seen most clearly on the particles indicated by arrowheads in Fig. 1 (b and d) . Table 1 summarizes the percentage of deformed particles of pH5 and pH5-7 viruses determined by cryo-electron microscopy.
We also studied influenza A virus incubated at low pH and subsequently treated with trypsin to remove HA1 residues 28 to 328 (see the legend of Table 1 ), leaving the membrane-embedded HA2 subunit with the fusion peptide intact (Skehel et al., 1982; Ruigrok et al., 1986) .
Trypsin-treated low pH virus was resuspended in pH 5 buffer (pH5T5 virus) or in pH 7 buffer (pH5T7 virus), and observed after negative staining with SST, PTA at pH 5 and 7, AM at pH 5 and 7, and in the frozen hydrated state (not shown). Results very similar to those obtained with intact low pH-treated virus were obtained (see Table 1 ). When trypsin-treated pH5T7 virus was readjusted back to pH 5 (pH5T7-5 virus), 65~ of the particles had angular membranes ( Table 1 ), indicating that the low pH-induced membrane deformation is repeatedly 'reversible'. The experiments with trypsintreated virus demonstrate that the low pH-induced membrane deformation is not caused by interaction or entangling of the HA 1 portiolls of HA.
The angular or undulating virus membranes observed after negative staining at pH 5 probably correspond to the angular shapes observed on the same virus in the frozen hydrated state. However, the rosettes seen in negatively stained preparations of low pH-treated virus are probably a preparation artefact, caused by the combined effects of low pH-induced membrane destabilization (as seen with frozen hydrated virus) and the adsorption/negative staining method. Doms & Helenius (1986) interpreted these rosettes as the structural visualization of fusion-active complexes of HA. Such fusion-active complexes may exist, but they are not the rosettes seen here in the absence of a target membrane. It is, in fact, rather difficult to imagine a major rearrangement of HA on the low pH-treated viral surface that would be visible by EM, owing to the dense packing of the spikes on native virus (Ruigrok et al., 1984; Cusack et al., 1985) .
The deformation of the virus membrane at low pH observed with both negatively stained and frozen hydrated virus may reflect virus membrane destabilization, which could be a crucial factor in its fusion with the target membrane upon acidification of the endosome. It could be related to the finding that fusion between virus and liposomes started at pH 5 can be stopped by raising the pH back to neutral, and restarted by lowering the pH once more (Stegmann et al., 1986) . We may only speculate about the cause of this deformation. It could be the interaction of the fusion peptide of HA with its own virus membrane. It has been suggested previously that, in the absence of fusion, the fusion peptide moves downwards to the membraneproximal end of isolated HA (Ruigrok et al., 1986) . On the other hand, the membrane deformation may be a consequence of the acid-induced dissociation of M protein from ribonucleoprotein complexes (Martin & Helenius, 1991) .
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